Although several reports suggest that the entry of infectious bronchitis virus (IBV) depends on lipid rafts and low pH, the endocytic route and intracellular trafficking are unclear. In this study, we aimed to shed greater light on early steps in IBV infection. By using chemical inhibitors, RNA interference, and dominant negative mutants, we observed that lipid rafts and low pH was indeed required for virus entry; IBV mainly utilized the clathrin mediated endocytosis (CME) for entry; GTPase dynamin 1 was involved in virus containing vesicle scission; and the penetration of IBV into cells led to active cytoskeleton rearrangement. By using R18 labeled virus, we found that virus particles moved along with the classical endosome/lysosome track. Functional inactivation of Rab5 and Rab7 significantly inhibited IBV infection. Finally, by using dual R18/DiOC labeled IBV, we observed that membrane fusion was induced after 1 h.p.i. in late endosome/lysosome.
Introduction
Most viruses take advantage of cellular endocytic pathways to enter their host cells (Cossart and Helenius, 2014; Yamauchi and Helenius, 2013) . Once internalized, virus particles move through a dynamic network of endocytic vesicles, which undergoes gradual sorting and complex maturation events. Endosome maturation, in turn, triggers conformational changes and dissociation events in the incoming viruses, which ultimately leads to the delivery of the viral genome and associated proteins into the cytoplasm. In general, while non-enveloped viruses are able to penetrate the plasma membrane or endosomal membrane by pore formation or lysis (Suomalainen and Greber, 2013) , enveloped viruses usually fuse with the vesicle membranes to release the genome into the cytoplasm (Harrison, 2015) . Numerous virus families utilize endocytosis to infect host cell, mediating virus internalization as well as trafficking to the site of replication. Different viruses employ various routes of endocytosis, and the route taken by a given virus largely depends on the receptor that the virus interacts with. The endocytic pathways utilized by viruses include clathrin-mediated endocytosis (CME), caveolin/raft-mediated endocytosis (CavME), macropinocytosis, and non-clathrin/non-caveolin mediated endocytosis. Among them, CME is the best understood endocytic pathway. In response to receptor mediated internalization signals, clathrin is recruited to plasma membrane, leading to the assembly of clathrincoated pits (CCP) at the cytoplasmic side of the plasma membrane. The main scaffold component of clathrin coat is the clathrin heavy chain (CHC) and clathrin light chain (CLC), forming a three-legged trimers called triskelions (Keen, 1990) . The adapter protein 2 (AP-2) provides a bridge between receptor cargo domain and the clathrin β subunit (Kirchhausen, 1999) . Once assembled, CCPs pinch off from the plasma membrane and mature into clathrin-coated vesicles (Keen, 1990) , with the helping of Eps15 and dynamin GTPase. Lots of viruses use CME to enter cells, including Semliki forest virus (Vonderheit and Helenius, 2005) , vesicular stomatitis virus (VSV) (Cureton et al., 2010) , hepatitis C virus (Benedicto et al., 2015) , and adenovirus (Meier et al., 2002) . The Caveolae is a relatively small vesicle with a diameter of 50-100 nm, which is a flask-shaped invasion formed by membrane retraction on the plasma membrane, and is a specialized lipid raft domain composed of caveolin and high levels of cholesterol (Hommelgaard et al., 2005; Insel virus 40 (Pelkmans et al., 2001) . After that, other viruses including some of the picornaviruses (Marjomaki et al., 2002) , papillomaviruses (Bousarghin et al., 2003) , filoviruses (Empig and Goldsmith, 2002) , murine leukemia virus (Beer et al., 2005) , human coronavirus 229E (HCoV-229E) (Nomura et al., 2004) , and classical swine fever virus (Zhang et al., 2018) are found by utilizing CavME to enter into cells. Macropinocytosis is morphologically defined by the presence of membranous extensions of outwardly polymerizing actin termed membrane ruffles. It has been identified as an entry mechanism for several pathogens, including B2 adenovirus (Kalin et al., 2010) , Coxsackie B virus (Inal and Jorfi, 2013) , influenza A virus (de Vries et al., 2011) , Ebola virus (Aleksandrowicz et al., 2011) , Vaccinia virus (Rizopoulos et al., 2015) , Nipah virus (Vogt et al., 2005) , Kaposi's Sarcoma-Associated Herpesvirus (Raghu et al., 2009) , and Newcastle disease virus (Tan et al., 2016) .
Lipid rafts are functional membrane microdomains which are also termed detergent-insoluble glycolipid-enriched complexes or detergentresistant membranes, rich in cholesterol，sphingolipids, and proteins (Fivaz et al., 1999; Simons and Ikonen, 1997) . They serve as domains to concentrate membrane-associated proteins that include receptors and signaling molecules (Simons and Ikonen, 1997) . In addition to physiological roles in signal transduction of host cells (Simons and Toomre, 2000) , lipid rafts often serve as a site for entry, assembly and budding of microbial pathogens (Kovbasnjuk et al., 2001; Rawat et al., 2003; Suomalainen, 2002) . They are involved in the binding and entry of host cells for several enveloped and non-enveloped viruses, including human immunodeficiency virus type 1 (Viard et al., 2002) , poliovirus (Danthi and Chow, 2004) , human herpes virus 6 (Huang et al., 2006) , West Nile virus (Medigeshi et al., 2008) , foot-and-mouth disease virus (Martin-Acebes et al., 2007) , and dengue virus (Diwaker et al., 2015) . There is some evidence that lipid rafts are also involved in coronavirus entry. In the case of HCoV-229E, virus entry is inhibited by depletion of cholesterol, which results in the disruption of viral association with the cellular receptor CD13 (Nomura et al., 2004) . Thorp and Gallagher show that lipid rafts are crucial for the entry of mouse hepatitis virus (MHV) ( Thorp and Gallagher, 2004) . Moreover, Guo et al., demonstrate that lipid rafts are involved in IBV entry (Guo et al., 2017) .
Coronaviruses are enveloped, plus-strand RNA viruses belonging to the family Coronaviridae, which includes many human and animal pathogens of global concern, such as severe acute respiratory syndrome coronavirus (SARS-CoV), middle east respiratory syndrome virus (MERS-CoV), HCoV-229E, MHV, porcine epidemic diarrhea virus (PEDV), Feline infectious peritonitis virus (FIPV), and IBV. In most cases, they cause respiratory and/or intestinal tract disease. In general, coronaviruses enter cells by endocytosis, which undergoes pH-dependent membrane fusion. For example, CME as well as clathrin-and caveolae-independent entry pathways have been reported for SARS-CoV (Inoue et al., 2007; Wang et al., 2008) ; clathrin-and serine proteasesdependent uptake has been reported for PEDV (Park et al., 2014) ; FIPV is suggested to enter cells via a clathrin-and caveolae-independent endocytic route (Van Hamme et al., 2008) ; MHV2 enters cells via CME, but independent of Eps15 (Pu and Zhang, 2008) . IBV belongs to the genus gamma coronavirus. Its genome is approximately 27.6 kilobases (kb) in length, encoding 2 polyproteins (1a, 1ab), four structural proteins, namely, spike protein (S), membrane protein (M), small envelope protein (E), nucleocapsid protein (N), and four accessory proteins named 3a, 3b, 5a, 5b. Polyprotein 1a and 1ab are cleaved by viral proteases into at least 15 non-structural proteins (nsp2-nsp16). Despite the importance of IBV as one of the dominant pathogens causing a highly contagious infectious bronchitis worldwide and leading to significant economic loss in the chicken industry, little information is available about its entry mechanisms. It has been suggested that the entry of IBV into cells depends on lipid rafts and low pH (Chu et al., 2006) ; however, the endocytic pathway that IBV hijacks is unclear.
The early step in the entry process of IBV into target cells is initiated by engagement of the S glycoprotein with the receptor. Here, using several cell lines permissive to IBV Beaudette strain, we report that IBV virion attaches to lipid rafts in the cell surface and the efficient entry of IBV into cells requires the presence of intact lipid rafts. We also address IBV entry pathway by systematically perturbing the function of key factors in the various endocytic routes by using chemical inhibitors, siRNA silence, and overexpression of dominant negative (DN) proteins. To achieve a successful tracking of virion attachment, entry, intracellular trafficking, and membrane fusion, octadecyl rhodamine (R18) and 3, 3'-Dihexyloxacarbocyanine Iodide (DiOC) were labeled on viral membrane as fluorescent tags. Immunofluorescence analysis was used to visualize the co-localization or co-trafficking of virus with cellular factors. Our results reveal that IBV is internalized into cells by CME, transports along early endosomes, late endosomes, and fuses with membrane in late endosome-lysosomes.
Materials and methods

Cells and viruses
Vero cells, Huh7 cells, BHK-21, and DF-1 cells were maintained in Dulbecco's modified Eagle medium (DMEM) with 4500 mg/l glucose, supplemented with 10% fetal bovine serum (FBS) (Hyclone, USA), 100 units/ml penicillin and 100 μg/ml streptomycin (Invitrogen, USA). H1299 cells were maintained in Roswell Park Memorial Institute 1640 (RPMI 1640), supplemented with 10% FBS in the presence of 100 units/ ml penicillin and 100 μg/ml streptomycin. Above cells were purchased from ATCC (USA) and cultured at 37°C with 5% CO 2 .
The Beaudette strain of IBV (ATCC VR-22) adapted to Vero cells was used in this study. As a well characterized virus, Vesicular Stomatitis Virus (VSV) was used as control virus in this study. Virus stock was prepared by infecting monolayers of Vero cells with multiplicity of infection (MOI) of 0.1 in FBS free DMEM. After attaching at 37°C for 1 h, the unbounded virus was removed and replaced with FBS free DMEM. The virus and cells were incubated at 37°C until more than 90% cells were with cytopathic effect (CPE). After freezing and thawing the virus containing cells and medium for three times, cell debris was removed by centrifugation at 3000×rpm, and supernatant was aliquoted and stored at − 80°C as virus stock. A control of Vero cell lysates from mock-infected cells was prepared in the same manner. The virus yield was assessed by tissue culture infective dose 50 (TCID 50) titration.
Virus titration
Supernatant of IBV-infected cells collected were centrifuged at 5000×g for 15 min to remove cell debris. The viral titers were determined by TCID 50 assay. Briefly, 10-fold serially diluted aliquots of virus were applied to confluent monolayers of Vero cells in 96-well plates. After 1 h of absorption at 37°C, unbound viruses were removed, and the cells were washed twice with DMEM. The plates were incubated with DMEM at 37°C and the cytopathic effect (CPE) was observed after 3 days. Each sample was titrated in triplicate. The TCID 50 is calculated using Reed and Munch mathematical analysis (McHenry et al., 1938) .
R18 and R18/DiOC labeling of virus
Vero cells were infected with viruses at MOI = 0.1 and incubated at 37°C until more than 90% cells were with CPE. The culture medium with virus particles was clarified by centrifuged at 4000×g for 15 min. The supernatant was then centrifuged at 5000×g for 60 min and concentrated by 100-fold by using Amicon® Ultra-15 Centrifugal Filter Devices (10-kDa cutoff, Merk, Poland), which provides fast ultrafiltration. Mock infected Vero cells culture medium was concentrated in the same manner as control sample.
R18 labeling was prepared as described previously (Chu et al., 2006) : 100 μl of concentrated virus or control sample was incubated with 1.7 mM R18 (Molecular Probes, USA) on a rotary shaker for 1 h at room temperature. R18/DiOC labeling was prepared as described (Krzyzaniak et al., 2013) : 100 μl of concentrated virus or control sample was incubated with 3.3 mM DiOC (Molecular Probes, USA) and 6.7 mM R18 mixture (Molecular Probes, USA) with gentle shaking for 1 h at room temperature. After finishing the labeling, the virus and dye mixture was re-suspended in 8 ml phosphate-buffered saline (PBS), and the excess dye was removed with an Amicon® Ultra-15 Centrifugal Filter Devices (10-kDa cutoff, Merk, Poland) by centrifugating for 60 min. Finally, 100 μl of labeled virus or labeled mock sample were obtained.
Inhibitors and antibodies
The endocytotic pathway inhibitors Amiloride (S1811), Nystatin (S1934), and chlorpromazine (CPZ, S2456) were purchased from Selleck (USA). Actin monomer-sequestering drug cytochalasin D (CytoD, PHZ1063), actin polymer-stabilizing jasplakinolide (Jas, J7473) were purchased from Thermo Fisher Scientific (USA). Endosome acidification inhibitor NH 4 Cl (A9434), cholesterol depletion drug methyl-β-cyclodextrin (MβCD, C4555) and Cholesterol-Water Soluble (C4951) were purchased from Sigma-Aldrich (USA).
Anti-IBV S and N antibodies were obtained through immunization of rabbits with respective antigen, which are generous gifts from Prof Liu Dingxiang's lab (South China Agricultural University, China). Antiflotillin-1 (#18634), anti-GFP (#2956), anti-CHC (clathrin heavy chain) (#4769s), anti-Rab5 (#3547s), anti-Rab7 (#9367s), and anti-LAMP1 (#9091s) were purchased from Cell Signaling Technology (USA). Anti-VSV G (Ab50549) was obtained from Abcam (UK). Anti-βactin (A1978) was purchased from Sigma Aldrich (USA). Cholera Toxin Subunit B (CTB, C34775) was purchased from Thermo Fisher Scientific (USA). Fluorescein isothiocyanate (FITC)-conjugated anti-mouse or anti-rabbit immunoglobulin G (IgG), as well as horseradish peroxidase (HRP)-conjugated anti-mouse or anti-rabbit IgG were purchased from Cell Signaling Technology (USA). Alexa Fluor 488 Phalloidin (A-12379) was purchased from Thermo fisher (USA).
Virus infection and drug administration
To examine the effect of various inhibitors on IBV infection, Vero cells, H1299 cells, BHK-21 cells, Huh7 cells, or DF-1 cells were seeded into 6-well plates at 5 × 10 6 cells/well and cultured for 24 h until they reached 100% confluence. Cells were then pretreated with the indicated concentrations of NH 4 Cl, CPZ, Nystatin, Amiloride, Jas, or CytoD for 30 min at 37°C, respectively. After treatment, the cells were inoculated with IBV or VSV at MOI = 1 and incubated for 1 h in the presence of corresponding compounds. The unbound virions were washed away with PBS and the cells were incubated with fresh medium without compounds for additional 2 h or 8 h at 37°C. Virus internalization was determined by semi-quantitative real time RT-PCR at 2 h.p.i. by measuring the viral RNA genome, and virus replication was monitored by Western blot at 8 h.p.i. by checking the expression level of viral protein.
Cell viability assay and pH assessment
Viability of drug-treated cells was measured using the WST-1 Cell proliferation and cytotoxicity assay kit according to the manufacturer's instruction (Beyotime, Haimen, China). Cells were seeded in 96-well plate and treated with indicated drugs, 10 μl of WST-1 was added to each well and incubated for 1 h. The absorbance at 450 nm was monitored and the reference wavelength was set at 630 nm. The viability of cells was calculated by comparison to that of untreated cells.
To assess the effect of NH 4 Cl on the pH change of acidic intracellular vesicles, Vero cells were treated with increasing concentration of NH 4 Cl for 30 min at 37°C, followed with 1 mg/ml acridine orange (A6014, Sigma) staining in serum free medium for 15 min at 37°C. The cells were washed twice with PBS and stained with DAPI {2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride, Roche}. Images were taken with a Zeiss Axio Observer Z1 fluorescence microscope.
Cholesterol depletion and replenishment
Cells were incubated with 5 mM MβCD for 30 min at 37°C at indicated infection time course. The cells exposed to DMSO for 30 min were set as control group. After incubation, the cells were washed twice with PBS and replaced with fresh culture medium. For cholesterol replenishment, cells were pretreated with 5 mM MβCD for 30 min at 37°C, then supplemented with exogenous 1 mM cholesterol and incubated for 1 h at 37°C. After extensive washing with PBS, the cells were infected with IBV.
Membrane flotation analysis
Cells (5 × 10 7 ) were incubated with IBV (MOI = 5) at 4°C for 1 h. Mock-infected cells were set as control group. Cells were lysed on ice for 30 min in 1 ml TNE lysis buffer with 1% Triton X-100, supplemented with complete protease inhibitor cocktail. The cell lysates were centrifuged at 4000×g for 5 min at 4°C, to remove cell debris and nuclei. The supernatant was collected and mixed with 1 ml of TNE buffer with 80% sucrose, placed at the bottom of the ultracentrifuge tube, overlaid with 6 ml of 30% and 3 ml of 5% sucrose in TNE buffer. The lysates were ultracentrifuged at 38,000 ×rpm for 18 h at 4°C in an SW41 rotor (Beckman). After centrifugation, 12 fractions (1 ml each) were collected from the top to the bottom of the tube and subjected to 8% or 10% SDS−PAGE, followed by Western blotting using antibodies of anti-Flotillin-1, anti-N protein, or anti-S protein.
Plasmid transfection and siRNA transfection
Cells grown in 6-well plates were transfected with 3 µg of plasmid DNA, by using lipofectamine 3000 (Invitrogen) according to the manufacturer's instructions. After 24 h post-transfection, cells were infected with virus at MOI = 1. To knock down Eps15, dynamin 1, Rab5, or Rab7, small interfering RNA (siRNA) duplexes at a concentration of 100 nM were transfected into the cells by using Lipofectamine 3000. At 36 h post-transfection, cells were infected with virus at MOI = 1. The level of IBV internalization, viral protein expression, and virus particle release were then measured by semi-quantitative real time RT-PCR, Western blot analysis, and TCID 50 at indicated time points. The siRNA sequences were shown in Table 1 .
Measurement of virus gRNA by semi-quantitative real time RT-PCR
Viral internalization was detected as described previously (Zhu et al., 2012) . Briefly, the cells in 6-well plates were incubated with IBV (MOI=1) at 4°C for 1 h. The unbound virions were washed away with PBS, and the cells were incubated at 37°C with fresh medium. At 2 h.p.i., cells were treated with 1 mg/ml proteinase K (Invitrogen) for 15 min to remove adsorbed but not internalized virus. Proteinase K was then inactivated with 2 mM phenylmethylsulfonyl fluoride (PMSF) in PBS with 3% bovine serum albumin. Cells were then washed three times with PBS and lysed in 1 ml of TRIZOL reagent (Invitrogen, USA) per well for RNA isolation. One fifth volume of chloroform was added into the cell lysates. The mixture was centrifuged at 13,000×rpm for 15 min at 4°C, and the aqueous phase was then mixed with an equal volume of 100% isopropanol and incubated at -20°C for 20 min. RNA was precipitated by centrifugation at 13,000×rpm for 10 min at 4°C. RNA pellets were washed with 70% RNase-free ethanol and dissolved in RNase-free water. The level of internalized viral +gRNA or -gRNA was determined by real time RT-PCR. Briefly, 3 µg of total RNA was used to perform reverse transcription using expand reverse transcriptase (Roche, USA) and oligo-dT or IBV specific primers. Equal volume of cDNAs was then PCRamplified using SYBR green PCR master kit (Dongsheng Biotech, Guangdong, China). Genome copy numbers were normalized to β-actin level by using the comparative cycle threshold values determined in parallel experiment. Data were analyzed relative to control. All assays were performed in three replicates. The primers sequence used in RT-PCR were shown in Table 2 .
Western blot analysis
Cells were lysed with 1x SDS loading buffer in the presence of 100 mM dithiothreitol and denatured at 100°C for 5 min. Equivalent amounts of protein were separated by SDS-PAGE, followed by transferring onto polyvinylidenedifluoride (PVDF) membranes (Bio-Rad Laboratories, USA) by electroblotting. Immunoblot analysis was then performed by incubating membranes with blocking buffer for 1 h at room temperature, and with appropriate antibodies diluted in blocking buffer for another 1 h. After washing three times with PBST, membranes were incubated with HRP-conjugated secondary antibody for 1 h and washed with PBST thrice. Blots were developed with an enhanced chemiluminescence (ECL) detection system (GE Healthcare Life Sciences, USA) and exposed to Chemiluminescence gel imaging system (Tanon 5200, Shanghai, China). Membranes were stripped with stripping buffer (10 mM β-mercaptoethanol, 2% SDS, 62.5 mM Tris-Cl, pH 6.8) at 55°C for 30 min before re-probing with other antibodies.
Immunostaining
Cells were seeded on 4-well chamber slides and infected with virus or R18/R18-DiOC labeled virus with MOI = 5. At indicated time points, cells were fixed with 4% paraformaldehyde for 10 min, washed thrice with PBS, permeabilized with 0.2% Triton X-100 for 10 min, and washed thrice with PBS. Cells were then blocked in 3% FBS for 1 h, and incubated with anti-Rab5, anti-Rab7, or anti-LAMP1 (1:200 diluted in PBS, 5% BSA), washed thrice with PBS, and then incubated with secondary antibody conjugating with FITC (DAKO) for 2 h (1:200 diluted in PBS, 5% BSA), followed by PBS washing. For the detection of GM1 by CTB-FITC, no cell permeabilization required, cells were incubated with CTB-FITC (5 µg/ml) at 4°C for 2 h. For actin staining, after fixing and permeabilization, cells were incubated with Alexa Fluor 488 Phalloidin for 2 h. Cells were incubated with 0.1 µg/ml DAPI for 10 min and rinsed with PBS. Finally, the specimen was mounted with glass cover slips using fluorescent mounting medium (DAKO) containing 15 mMNaN3. Images were collected with a LSM880 confocal laser-scanning microscope (Zeiss).
Plasmid construction
Eps15, Rab5, and Rab7 were amplified by PCR from HeLa cellular cDNAs and cloned into vector pEGFPN1 between restrict enzyme Xho I and BamH I, under the control of a cytomegalovirus promoter, generating pEGFPN1-Eps15, pEGFPN1-Rab5, and pEGFPN1-Rab7 with EGFP-tag at N-terminus. EGFP-tagged pEGFPN1-Rab5-DN (S34N), pEGFPN1-Rab5-CA (Q79L), and pEGFPN1-Rab7-CA (Q67L) mutants were constructed by site-directed overlapped two round PCR mutagenesis. EGFP-tagged Rab7-DN (T22N) was constructed as described previously (Rizopoulos et al., 2015) using the TaKaRa Mutant BEST Kit (Takara Bio, Dalian, China, #R401). The pEGFPN1-Eps15-DN (EΔ95/ 295), pEGFPN1-Dynamin 1-WT and pEGFPN1-Dynamin 1-DN (K44A) constructs were generous gifts from Prof. Mao Xiang. All primers used for plasmid construction are shown in Table 3 .
Statistical analysis
All data are presented as means ± standard deviations (SD), as indicated. Student's t-test was used to compare data from pairs of treated or untreated groups. Statistical significance is indicated in the figure legends. All statistical analyses and calculations were performed by using Graph Pad Prism 5 (Graph Pad Software Inc., La Jolla, CA).
Densitometry
The intensities of corresponding bands were quantified using Image J program (NIH) according to the manufacturer's instruction.
Results
IBV entry is lipid raft-associated
Lipid rafts are cholesterol-enriched microdomains, where many cellular proteins, including viral receptors, are preferentially localized at. A number of viruses enter host cells through lipid rafts (Fivaz et al., 1999) . Previous report showed that IBV structural proteins migrate and integrate into lipid rafts during infection, while non-structural proteins do not integrate into rafts (Guo et al., 2017) . This suggests that lipid rafts might participate in IBV entry or budding/release. To examine which stage of infection that lipid rafts are involved in, MβCD was used to disrupt lipid rafts at different stage of infection, in IBV Beaudette strain permissive cell lines. The subtoxic dose of the MβCD was determined by a cell proliferation assay ( Supplementary Fig. 1 ). After determination of subtoxic dose, the IBV permissive Vero, H1299, and Huh7 cells were treated with 5 mM MβCD for 30 min at pre-, during-, or post-IBV infection at -1.5, -1, 1, 2 h.p.i. (Fig. 1A) . The effect of MβCD on virus infection was accessed by checking viral -gRNA, viral protein, and progeny virus release, respectively. As shown in Fig. 1B -D, treatment of various cell lines with MβCD at -1.5 and −1 h.p.i. acquired maximum blockage of virus genome production, as determined by checking viral -gRNA at 4 h.p.i.. Surprisingly, treatment with MβCD at 1 and 2 h.p.i. did not affect the virus genome production. Consistently, treatment with MβCD -1.5 and −1 h.p.i. obtained maximum inhibition effect on viral N protein expression, whereas treatment with MβCD at post-entry step did not affect the viral protein expression. Consequently, the progeny virus production was decreased by MβCD Table 2 Primer sequence for semi-quantitative real time RT-PCR.
Name
Primer sequence (5′ to 3′)
treatment at -1.5 and −1 h.p.i., but not by post-entry treatment. In all, above data demonstrate that MβCD inhibits virus entry step, but not post-entry process, suggesting that intact lipid rafts are required for virus entry.
To check whether the effect of the MβCD on virus entry was solely due to cholesterol depletion, we examined the effect of exogenous cholesterol replenishment on virus entry after MβCD treatment. Vero, H1299, and Huh7 cells were pretreated with 5 mM MβCD, and supplemented with exogenous 1 mM cholesterol, followed with IBV infection. Results in Fig. 2A -C showed that MβCD treatment reduced virus gRNA internalization, however, cholesterol replenishment restored virus gRNA uptake. Accordingly, viral N protein expression was reduced by MβCD treatment and was restored by cholesterol replenishment. In accordance, progeny virus was rescued by cholesterol replenishment. Above results demonstrate that IBV entry depends on intact lipid rafts in various permissive cell lines.
Association of IBV with lipid rafts during the early stage of infection
It should be mentioned that the receptor of IBV entry is controversial. Whereas some work states that heparan sulfate is a selective attachment factor for the IBV Beaudette strain (Madu et al., 2007) , another report suggests that sialic acid is a receptor determinant of infection (Winter et al., 2006) . Since membrane cholesterol plays an important role in early infection stages, the interaction of IBV with its receptor may occur in lipid rafts. To test this hypothesis, Vero cells were incubated with IBV at MOI = 5 for 1 h at 4°C and lipid rafts were isolated by a sucrose flotation gradient. The individual fractions were analyzed for the presence of lipid rafts marker flotillin 1, IBV N protein, and IBV S protein by Western blotting. In IBV-infected cells, we found that S protein and N protein were co-localized with the rafts marker flotillin 1 in fraction 2 and 3 ( Fig. 3A, right panel) . Thus, the biochemical fractionation analysis suggests the association of IBV with lipid rafts during attachment step.
To directly observe the binding of virus particles to cell surface lipid rafts, IBV were labeled with the lipophilic fluorescent dye R18, producing R18-IBV. The cell culture medium without virus infection was concentrated and mixed with R18 as control group (R18-mock), to eliminate the possibility of the mis-staining of R18 to cell components. Such R18-IBV retained moderate level of infectivity, compared to intact IBV, as determined by Western blotting (Fig. 3B ). Immunofluoresence was then performed to check the interaction between R18-IBV and lipid rafts marker GM1. Vero cells were incubated with either R18-IBV or R18-mock at 4°C for 1 h, followed with CTB-FITC (binds to lipid rafts marker GM1) staining. As shown in Fig. 3C , there was no R18 red signal in R18-mock treated cells, while the R18-IBV infected cells displayed red dot signals on the plasma membrane, suggesting that red dot signals indeed represent IBV virion. In addition, the R18-IBV red signals were co-localized with CTB-FITC, which marks the outline of lipid rafts. This result confirms the association of IBV with lipid rafts on cell surface during attachment step.
IBV entry is low pH dependent
Although previous study demonstrates that the entry of IBV Beaudette strain is sensitive to pH increase in BHK cells (Chu et al., 2006) , it also has been suggested that virus may employ different entry routes in different cell types (Frana et al., 1985) . Thus, it is necessary to verify whether the low pH dependent entry of IBV is cell type specific or not. The subtoxic dose of endosome acidification inhibitor NH 4 Cl was determined by cell viability assay, which showed that Vero cells tolerated the treatment of NH 4 Cl up to 100 mM (Supplementary Fig. 2A ). Increase of pH in intracellular vesicles was confirmed by acridine orange staining. In untreated cells, there was typical orange fluorescence, indicative of acidic compartments; as expected, the orange fluorescence was quenched along with increasing concentration of NH 4 Cl ( Supplementary Fig. 2B ). The basic mechanism of pH-dependent endocytosis for VSV has been well documented (Heine and Schnaitman, 1971; Matlin et al., 1982; Schlegel et al., 1981; Superti et al., 1987) . Thus, VSV infection of Vero cells was used as a positive control to test the effectiveness of this chemical. Supplementary Fig. 2C showed that VSV G protein expression was decreased by NH 4 Cl treatment, suggesting that NH 4 Cl works well. After confirming the subtoxic dose and effectiveness of NH 4 Cl, we performed the experiment to check whether low pH dependence of IBV entry is universal in various cell lines. We increased the pH in Vero，BHK，H1299, and Huh7 cells by 0-100 mM NH 4 Cl pretreatment, then infected cells with IBV. BHK cells were used in this experiment as positive control. As shown in Fig. 4A -D, in all the cell lines we tested, virus internalization was significantly reduced by NH 4 Cl treatment in a dose dependent manner, compared to those in H 2 O treated cells. Accordingly, IBV N protein production was significantly decreased by NH 4 Cl treatment. Taken together, these results demonstrate that IBV entry requires low pH environment in various cell lines, consistent with the previous report (Chu et al., 2006) .
IBV enters cells via clathrin-medicated endocytosis (CME)
Several pH-dependent endocytic pathways are used by various viruses, including CME, CavME, macropinocytosis, and clathrin/caveolin-independent endocytosis (Marsh and Helenius, 2006) . To identify the endocytic pathway employed by IBV, diverse pharmacological drugs pretreatments were carried out to block various endocytic pathways, and their effects on IBV entry were investigated. Prior to IBV infection, Vero, H1299, Huh7, and chicken cell DF-1 were exposed to increasing concentrations of chlorpromazine (CPZ), an inhibitor of clathrin coated pit formation (Martinez et al., 2007) , Amiloride, a Table 3 Primer sequence for plasmid construction.
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specific inhibitor of Na + /H + exchanger activity important for macropinosome formation (Fretz et al., 2006; Kalin et al., 2010; Mercer and Helenius, 2008; Raghu et al., 2009) , or Nystatin, a well known CavME inhibitor (Van Leeuwen et al., 2009 ). The toxicity of each inhibitor was carefully determined (data not shown) and the subtoxic dose was used to perform the experiment. It has been reported that VSV entry is mediated by CME (Superti et al., 1987) . Thus, VSV infection was performed to validate the effectiveness of these inhibitors. Indeed, VSV G protein expression was inhibited by CPZ, but not Amiloride and Nystatin (Fig. 5E) . Similarly, CME inhibitor CPZ significantly inhibited the internalization of IBV gRNA in Vero, H1299, Huh7, and DF-1 cells, by a dose dependent manner, whereas macropinocytosis inhibitor Amiloride did not change the internalization of IBV in all these cell types (Fig. 5A-D) . In accordance, the IBV N protein expression was significantly inhibited by CPZ, but not Amiloride. Thus, these results reveal that IBV enters cells via CME, but not via macropinocytosis, at least in the cell lines we tested. The involvement of CavME in IBV endocytosis is controversial. In Huh7 cell, which lacks functional caveolae ( Beer et al., 2005; Vainio et al., 2002) , efficient virus internalization and replication was observed ( Fig. 5C ), indicating that IBV entry is independent of CavME in this cell line. Indeed, Nystatin pretreatment did not alter the virus internalization and protein expression in both Vero and Huh7 cells ( Fig. 5A and C) . Thus, at least in these two cell lines, IBV does not employ CavME route to enter into cells. However, Nystatin slightly reduced the IBV internalization and protein expression in H1299 cells, especially in 20-25 µM concentration (Fig. 5B ). It is R18-IBV at MOI = 5 (red) or R18-mock for 1 h at 4°C, followed with Alex Fluor 488 conjugated CTB staining (bind to lipid rafts marker GM1, green) for 1 h at 4°C. After that, cells were fixed, permeablized, and stained with DAPI staining (blue) for 15 min at room temperature. Images were acquired by LSM880 confocal laserscanning microscope (Zeiss). Representative images were shown. Scale bars = 20 µm.
probably that in H1299 cells, in addition to CME, CavME is also hijacked by IBV. In DF-1 cells, Nystatin did not inhibit virus internalization, but really reduced viral protein expression (20-25 µM) (Fig. 5D ). The underlying mechanism of this phenomon is unclear. From above results, we conclude that IBV mainly employs CME to enter into cells; however, in some cell lines, IBV may also employ CavME to enter into cells, as a supplementary route.
IBV entry is dependent on dynamin 1
Eps15 is a regulatory protein which has been characterized by a ubiquitous and constitutive association with the AP-2 protein adapter. Microinjection of Eps15 antibody interfered with transferrin and EGFR internalization (Gallo et al., 1997) , suggesting that Eps15 plays an important role in CME. Several reviews described previously that the expression of dominant negative Eps15 (Δ95/295) could efficiently block the uptake of Sindbis virus (Panda et al., 2013) . Dynamin 1 is a GTPase facilitating membrane fission to generate endocytic vesicles in CME and CavME (Henley et al., 1998; Smith et al., 2007; Zhu et al., 2012) . Many reviews describe that dynamin 1 is required for the internalization of many viruses, as the Dynamin 1-K44A, a dominant negative mutant, blocks virus entry (Cai et al., 2015; Holla et al., 2015) . To examine the involvement of Eps15 and dynamin 1 in IBV entry, we constructed plasmids EGFP-Eps15-WT, EGFP-Eps15-DN (EΔ95/295), EGFP-Dynamin 1-WT, and EGFP-Dynamin 1-DN (K44A), with EGFP tag at the N-terminus. These plasmids were transfected into H1299 cells, respectively, followed with IBV infection. pEGFPN1 was expressed as control. H1299 cells were used in this experiment due to its high transfection efficiency. The successful expression of EGFP and EGFPfused proteins was detected in Fig. 6A . It was noted that the expression level of EGFP-Eps15 is lower than that of EGFP-dynamin 1. Compared to that in EGFP expressing cells, the expression of IBV N protein was enhanced in EGFP-dynamin 1-WT expressing cell, whereas was reduced in EGFP-dynamin 1-DN expressing cells (Fig. 6A, upper panel) .
Consistently, the IBV internalization and progeny virus production was significantly reduced by the expression of EGFP-dynamin 1-DN ( Fig. 6A, low panel) . This result demonstrates the important role of dynamin 1 in IBV infection. Surprisingly, neither EGFP-Eps15-WT nor EGFP-Eps15-DN significantly changed the IBV internalization, protein expression, or progeny virus release, compared to those in EGFP expressing cells (Fig. 6A ). It seems that Eps15 is not involved in IBV infection in H1299 cells. Whether the failure of blocking IBV infectivity by EGFP-Eps15-DN is due to its low expression level or other unknown mechanisms? It has been reported that VSV entry relies on functional Eps15 (Sun et al., 2005) . Thus, the effect of Eps15 on VSV entry of Vero cells was examined as control experiment. As shown in Fig. 6B , although the expression level of EGFP-Eps15-DN was low, this mutant indeed inhibited VSV infection, as evidenced by the reduced level of VSV G protein (by 0.66-fold), compared to that in EGFP expressing cells. In all, above results suggest that in H1299 cells, IBV entry depends on functional dynamin 1, but not Eps15. It is probably due to IBV hijacks both CME and CavME to enter into H1299 cells, as evidenced in Fig. 5 . When CME pathway is blocked by expression of EGFP-Eps15-DN, CavME becomes an alternative entry route for IBV. Another possibility is that IBV entry depends on CME, but does not require the help of Eps15.
To further confirm above conclusion, we analyzed the effect of silencing Eps15 or dynamin 1 on IBV uptake. To this purpose, cells were transfected with non-targeting siRNA (sic) or siRNA targeting to either Eps15 or dynamin 1, and then infected with IBV (H1299 cells) or VSV (Vero cells, control group). The knock down efficiency of Eps15 or dynamin 1 and uptake of IBV gRNA were measured by semi-quantitative real time RT-PCR. As shown in Fig. 7A and B , successful silence of Eps15 mRNA was obtained by siEps15 in both H1299 and Vero cells. However, silence of Eps15 expression had no significant effect on the IBV gRNA internalization and protein expression in H1299 cells (Fig. 7A) , although Eps15 depletion indeed inhibited VSV G expression ( Fig. 7B) . These data further suggest that when CME route is hampered Fig. 4 . IBV entry is hampered by increase of pH in the intracellular vesicles. (A-D) Vero, BHK, H1299, and Huh7 cells were treated with increasing concentrations (0-100 mM) of NH 4 Cl for 30 min, followed with IBV infection (MOI=1). The incoming virus level was determined by quantification of viral gRNA at 2 h.p.i. and virus N protein expression was determined by Western blot analysis at 8 h.p.i.. The experiment was performed in triplicate, and average values with stand errors were presented. The intensity of IBV N band was determined with Image J, normalized to β-actin, and shown as fold change of NH 4 Cl : H 2 O.
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by Eps15 depletion, CavME may be an alternative route for IBV entry in H1299 cells. As expected, knock down of dynamin 1 (by 92%) was accompanied by a significant reduction of the amount of incoming IBV gRNA (by 48%) and IBV protein expression (by 71%) (Fig. 7C) . Thus, dynamin 1 is functionally required for IBV entry in H1299 cells, due to its crucial role in both CME and CavME.
We further analyzed the effect of silencing CHC expression on IBV uptake. Cells were transfected with siRNA targeting CHC and then infected with IBV (H1299 cells) or VSV (Vero cells, control group). As shown in Fig. 7D -E, depletion of CHC was accompanied with a significant reduction of IBV gRNA internalization and IBV/VSV protein expression. This result suggests that a functional CME pathway is required for efficient IBV infection. Thus, CME is the main entry pathway of IBV.
IBV entry leads to active actin rearrangement
In Saccharomyces cerevisae, clathrin-coated patches on the cell surface mature into ∼ 200nm tubular invaginations with coat proteins at their tip. The actin cytoskeleton machinery is recruited after coat formation and provides an essential force for membrane deformation and internalization (Kaksonen et al., 2005) . Recent studies have revealed that the rhabdoviruses (Regan and Whittaker, 2013) , VSV (Cureton et al., 2010) , RABV (Piccinotti et al., 2013) , and IHNV (Liu et al., 2011) are internalized into cells via CME pathway and actin filaments are involved in. Although we have demonstrated that IBV enter cells by hijacking clathrin dependent route, it is unclear whether actin filaments are involved in IBV uptake. To examine the role of actin filaments in IBV entry, we first examined the actin polymerization during IBV internalization. Vero cells were incubated with IBV at 4°C for 1h, allowing attachment. R18-mock treated cells were included as control. After removing the unbound virus by replacing with fresh DMEM, the temperature was shifted to 37°C to allow the synchronous internalization. Actin filaments were stained with Alexa Fluor 488-phalloidin (green) and IBV virus particles were stained with N antibody (red) with 15 min time interval. As shown in Fig. 8A , in mock-infected cells, the actin stress fibers were visible clearly. From 15-45min.p.i., the number of actin stress filaments dramatically decreased, the cells rounded up, and cells surface displayed significant blebbing (red arrows). The cell morphology and actin distribution returned to normal at 60min.p.i..
Fig. 5. IBV entry is mainly blocked by clathrin-mediated endocytosis (CME) inhibitor CPZ. (A-D)
Vero, H1299, Huh7, and DF-1 cells were pretreated with increasing concentrations of CPZ (CME inhibitor), Amiloride (macropinocytosis inhibitor), or Nystatin (CavME inhibitor) for 30 min and infected with IBV at MOI= 1. H 2 O or DMSO pretreatment in parallel experiments was set as control. The incoming virus level was determined by quantification of viral gRNA at 2 h.p.i.; the expression level of IBV N protein was analyzed at 8 h.p.i.. The experiment was performed in triplicate, and average values with stand errors were presented in panel A, C, E, and G. (E) Vero cells pretreated with respective drug and infected with VSV at MOI = 1 were set as control. The expression of VSV G protein was analyzed by Western blot at 8 h.p.i.. The intensity of IBV N or VSV G band was determined with Image J, normalized to β-actin, and shown as fold change of CPZ : H 2 O, Amiloride : DMSO, or Nystatin : DMSO. Above observation indicates that IBV infection results in actin depolymerization and re-arrangement. Unfortunately, IBV N protein antibody failed to detect the incoming virus. To make the incoming virus particles visible, R18-IBV was applied to Vero cell. Again, the decrease of actin filaments was observed at 15, 30, and 45min.p.i.. R18-IBV was detected at cell surface at 0min.p.i., displayed as red signal (white arrow). After 0min.p.i., R18-IBV entered cells and associated with filaments at 15, 30, and 45min, shown as yellow signals (white arrows). At 60min.p.i., R18-IBV particles disassociated with actin filaments, displayed as red signal again (whie arrow). This observation suggests that IBV enters cells via actin cytoskeleton. Here, we also incubated the well characterized R18-VSV with Vero cells as control group, ensuring above experiment was performed properly. As R18-VSV entry is quite fast, we chose short time interval. Image in Fig. 8C showed that R18-VSV infection also caused actin filaments de-polymerization, and the cells were rounded up at 5, 10, and 15min.p.i.. The cell morphology and actin distribution returned to normal at 20 and 30min.p.i.. Meanwhile, R18-VSV associated with actin fibers at 5, 10, 15, 20, and 30min.p.i. (white arrows), in consistence with previous report (Mire et al., 2010) . Above experiment demonstrates that IBV induces actin rearrangement and move along with actin filaments after internalization, similar to VSV.
We further investigated the role of the actin cytoskeleton on IBV entry by using chemical inhibitors to interfere with actin polymerization or de-polymerization. Before being infected with virus, Vero cells were pretreated with Jas, an actin polymer-stabilizing drug (Bubb et al., 1994; Ou et al., 2002; Spector et al., 1999) , or CytoD, which binds to the growing ends of actin filaments and prevents the polymerization (Sampath and Pollard, 1991) . The VSV infection was included in a parallel experiment as control, ensuring these inhibitors work. Fig. 8D showed that when actin polymers were stabilized by Jas, the IBV internalization were increased in a dose-dependent manner (upper panel) . Consistently, the expression of IBV N protein was also slight enhanced (middle panel). Fig. 8E showed that when CytoD prevented the formation of actin polymers, IBV internalization and N protein expression were also significantly increased (upper and middle panels). This observation is self-contradictory and out of expectation. In the VSV infection group, both Jas and CytoD reduced VSV G protein expression ( Fig. 8D-E, low panels) , consistent with previous report (Mire et al., 2010) . These results imply that the inhibitors indeed interfere with actin polymerization or de-polymerization. It has been reported that SFV infection was also enhanced by CytoD pretreatment (Schelhaas et al., 2012) . Thus, the enhancement of IBV infection by Jas or CytoD is not the only case. How do these inhibitors increase IBV entry? The underlying mechanisms remain open question.
IBV moves across the entire endo-lysosomal system
After identification of the endocytic pathway hijacked by IBV, we next tracked the transport vesicles utilized by incoming IBV. R18-IBV infected cells were subjected to immunostaining by using antibodies against early endosome marker Rab5, late endosome marker Rab7, or lysosome marker LAMP1. Rab5 and Rab7 are GTPases that are required for the movement of endocytosed cargo to early or late endosomes (Feng et al., 1995a; Gruenberg, 2001) . The co-localization of R18-IBV with transport vesicles markers was observed from 5 min.p.i. to 2 h.p.i.. As shown in Fig. 9A , there was no red signal detected in R18-mock treated cells (first panel); the overlapped signals of R18-IBV and early endosome marker Rab5 were mainly observed at 5 min.p.i. (yellow dots with white arrows in second panel); however, there was no co-image of R18-IBV with Rab5 at 1 h.p.i. and 2 h.p.i. (third and fourth panels). This indicates that IBV enters into early endosomes in a few minutes when the temperature is shifted to 37°C, and dissociates with early endosomes at 1 and 2 h.p.i.. Moreover, the co-localization of virus particles and Rab7 was mainly observed at 1 h.p.i. (yellow dots with white arrow in third panel), suggesting that R18-IBV enters late endosomes at 1 h.p.i.. Furthermore, R18-IBV was found in LAMP1 containing lysosomes at 2 h.p.i. (yellow dots with white arrows in fourth panel). Previous study showed that VSV was internalized into early endosomes in a few minutes via CME (Johannsdottir et al., 2009) . To ensure the feasibility and reliability of this tracking assay, we used R18-VSV to do the infection and immunostaining. As shown in Fig. 9B, R18 -VSV co-localized well with early endosome marker Rab5 at 5, 10, and 20 min.p.i. (yellow dots with white arrows in second, third, and fourth panels). There was no yellow dot of R18-VSV with Rab5 at 30 min.p.i. (fifth panel), indicating that R18-VSV left early endosomes at this time point. Moreover, there was almost no co-image of R18-VSV with Rab7/LAMP1 from 5 to 30 min.p.i.. These observations verify that VSV enters early endosomes, but is not delivered into late endosomes and lysosomes (Mire et al., 2010) , demonstrating this tracking assay is reliable. Altogether, above results reveal that IBV enters early endosomes within a few minutes after endocytosis, passes through late endosomes at around Fig. 8. IBV entry causes actin rearrangement. (A-C) Vero cells were incubated with IBV, R18-IBV, or R18-VSV (MOI=5) at 4°C for 1 h to allow virus attachment, and the unbound virus particles were washed away with DMEM. Mock infection or R18-mock infection was set as control group. Temperature was shifted to 37°C to allow virus synchronous internalization. Cells were fixed at indicated time points, and incubated with Alexa Fluor 488-phalloidin (green) for 1 h to stain actin filaments, followed with IBV N protein staining (for IBV infection group, red) and nuclei staining by DAPI (blue). The signals were observed under LSM880 confocal laser-scanning microscope (Zeiss). Representative images were shown. Scale bars = 20 µm. Red signal: R18-IBV; green signal: actin; blue signal: nuclei. (C-D) Vero cells were pretreated with increasing concentrations of CytoD or Jas for 30 min and infected with IBV or VSV (MOI=5). The internalized IBV gRNA was assayed at 2 h.p.i. (upper panel), and the expression of IBV N protein (middle panel) or VSV (low panel) was determined at 8 h.p.i.. β-actin, was detected as loading control. The experiment was performed in triplicate, and average values with stand errors were presented in bar graph panel. The intensity of IBV N or VSV G was determined with Image J, normalized to β-actin, and shown as fold change of Jas : DMSO or CytoD : DMSO. 1 h.p.i., and reaches lysosomes at 2 h.p.i..
As IBV co-localized extensively with endo-lysosomal compartments, we asked whether all these vehicles are really involved in IBV infectious route. To achieve this, we took advantage of the fact that, in addition to providing organelle identity, Rab5 and Rab7 serve critical role in regulation of cargo transport within the endosomal system. Accordingly, dominant negative mutants (GTP-binding defective mutants) of these proteins have been shown to block cargo transport (Feng et al., 1995b; Stenmark et al., 1994) . Expression of Rab5-DN prevents fusion of endocytic vesicles with early endosomes, while Rab7-DN prevents cargo movement from early to late endosomes. H1299 cells were transfected with pEGFPN1, EGFP fused Rabs-WT, Rabs-DN, or Rabs-CA plasmid, respectively, followed with IBV infection. Rabs-CA are constitutively active mutants with constitutive GTP-binding activity and were expressed to enhance the cargo transport ability of endosome. The cells were harvested for Western blot to check the expression of Rabs and IBV N protein. As shown in Fig. 9C upper panel, all these EGFP-Rabs protein were successfully expressed in comparable level. Compared with EGFP expressing group, expression of EGFP-Rab5-WT, EGFP-Rab5-CA, EGFP-Rab7-WT, and EGFP-Rab7-CA has only minimal effect on the expression of IBV N, whereas expression of EGFP-Rab5-DN and EGFP-Rab7-DN caused significantly reduction (0.1-fold) in IBV protein expression ( Fig. 9C, upper panel) . Accordingly, Rab5-DN and Rab7-DN decreased internalization of IBV gRNA by 0.6-fold, respectively (Fig. 9C, middle panel) . It was noted that expression of Rab7-CA slightly increased virus internalization (Fig. 9C, middle panel) . These data show that IBV could not efficiently infect cells which express Rab5-DN or Rab7-DN, indicating that transport through the early and late endosome is necessary for successful infection. To ensure our Rabs construct was functional, we examined the effect of Rabs on VSV infection. In consistence with previous report (Mire et al., 2010) , Rab5-DN, but not Rab7-DN, inhibited VSV infection (Fig. 9C, low panel) . Collectively, these data demonstrate that both early and late endosome are involved in IBV intracellular transport.
Next, knock down of Rab5 or Rab7 was carried out to confirm above conclusion. H1299 cells were transfected with siRab5 or siRab7, followed with IBV infection. The knock down effect of Rabs and the expression of IBV N protein were examined by Western blot. Fig. 9D -E upper panels showed that both Rab5 and Rab7 expression were successfully knocked down (0.16-fold and 0.15-fold, respectively), accompany with lower expression of IBV N protein (0.37-fold and 0.34fold, respectively), comparing to those in sic tranfected cells. Quantification of incoming virus genome showed that knock down of Rab5 or Rab7 significantly blocked virus internalization ( Fig. 9D-E, middle   Fig. 9 . The incoming R18-IBV transports along the entire endocytic pathway. (A-B) Vero cells were infected with R18-IBV or R18-VSV (MOI=5) at 4°C for 1 h, the unbound virus particles were washed away by DMEM, and temperature was shifted to 37°C to allow synchronous internalization. Cells were immunostained with Rab5, Rab7, or LAMP1 at indicated time points, followed with DAPI staining. R18-mock infection was included in a parallel experiment as control. The signals were observed under LSM880 confocal laser-scanning microscope. Representative images were shown. Scale bars = 20 µm. Red signal: R18-IBV or R18-VSV; green signal: early endosome (Rab5), later endosome (Rab7), or lysosome (LAMP1); blue signal: nuclei. (C) Cells were transiently transfected with constructs encoding EGFP, EGFP-Rab5-WT, EGFP-Rab5-DN (S34N), EGFP-Rab5-CA (Q79L), EGFP-Rab7-WT, EGFP-Rab7-DN (T22N), and EGFP-Rab7-CA (Q67L) for 24 h, followed with IBV infection (H1299 cells) . Above results demonstrate that the virus infection is inefficiency when the transport pathway is disabled by removing Rab5 or Rab7. To ensure siRabs was indeed functional, we examined the effect of Rabs on VSV infection in Vero cells. Western blot result showed that knock down of Rab5 reduced VSV G protein expression by 0.35-fold ( Fig. 9D, low panel) , while knock down of Rab7 had no effect on VSV infection (Fig. 9E, low panel) . Altogether, these data further confirm that early and late endosomes are required for intracellular transport of IBV.
IBV fuses with late endosomes or lysosomes
To dissect the fusion of IBV envelope with intracellular vesicle membranes, we labeled IBV virion with two fluorescent lipids, R18 (red) and DiOC (green), a labeling method developed by Sakai and coworkers (Sakai et al., 2006) . The intact virus membrane displays the red color as the high concentration of R18 quenches the fluorescence signal emitted by the DiOC. When the virus membranes fuses with cellular membranes, the two lipids were diluted and the green fluorescence of DiOC was no longer quenched by R18, red and green color will be displayed respectively. To rule out the possibility of mislabeling cell debris membranes, cell culture medium was labeled with R18 and DiOC as control (R18/DiOC-mock). Vero cells were infected with R18/ DiOC-mock for 1 h, or infected with R18/DiOC-IBV for 5 min, 1 h, and 2 h, followed with Rab5, Rab7, or LAMP1 staining. As shown in Fig. 10A , in mock infection group, there was neither red signal nor green signal observed (first panel). In R18/DiOC-IBV infected cells, at 5 minp.i. and 1 h.p.i., there was no green signals detected, only red color spots observed (second and third panels). Moreover, most of the red spots were co-localized with early endosome marker Rab5 at 5min.p.i (pink spots with white arrow in second panel), and transferred to Rab7 containing late endosomes or LAMP1 containing lysosomes at 1 h.p.i. (pink spots with white arrows in third panel). Gradually, green spots (membrane fusion signals) were observed and increased in numbers at 2 h.p.i., overlapped with either Rab7 or LAMP1, without overlapping with Rab5 (green and red spots with white arrows in fourth panel). These results imply that IBV membranes undergo fusion with late endosome/lysosome membranes at 2 h.p.i.. It is possible that the fusion process may happen at earlier time of 1 h.p.i. to 2 h.p.i. We also performed above fusion assay by using R18/DiOC-VSV, which has been reported to fuse with early endosomes. As shown in Fig. 10B second panel, pink spots overlapped with Rab5 were observed at 10 min.p.i. (pink spots with white arrow); there was no virus particles overlapped with Rab7 or LAMP1 at this time point (virus particles were displayed as red spots); and no green spots observed. At 20 min.p.i. and 30 min.p.i. (Fig. 10B, third and fourth panels) , green spots were detected, without overlapping with Rab7 or LAMP1, but colocalized well with Rab5 (white spot with white arrow), consistent with previous report (Mire et al., 2010) . In all, we demonstrate that IBV fuses with late endosome/lysosome at 1-2 h.p.i., and its intracellular trafficking is slower than VSV.
Discussion
Viruses must enter the host cell to start their life cycle. Thus, characterization of viral entry pathway is important for understanding of virus pathogenesis and design of anti-viral drugs. Envelope viruses penetrate cells by two different ways: fusion with cell plasma membrane or receptor-mediated endocytosis. Direct membrane fusion on the cell surface is independent of low pH, and access through the endocytosis pathway usually relies on the low pH of the endocytic vesicles. Different endocytosis pathways have been characterized over the past decade, in which the CME is one of the most commonly used by many envelope viruses (Sieczkarski and Whittaker, 2002) . Coronavirus entry is mediated by S protein, which is responsible for receptor binding and membrane fusion. Previously, it has been demonstrated that SARS-CoV is internalized by CME in human hepatoma HepG2 cell line (Inoue et al., 2007) , however, in HEK293E-ACE2-GFP cells, the entry of SARS-CoV is clathrin-and caveolae-independent (Wang et al., 2008) ; MHV entry is mediated by CME through the endo-/lysosomal pathway in proteolysis-dependent manner (Burkard et al., 2014; Eifart et al., 2007; Nash and Buchmeier, 1997; Pu and Zhang, 2008; Qiu et al., 2006) ; PHEV enters into cells via CME in Rab5, cholesterol, and low pH dependent manner (Li et al., 2017) ; HCoV-NL63 requires CME for successful entry into the LLC-MK2 cells (Milewska et al., 2017) ; for the HCoV-229E, a CavME uptake has been suggested (Nomura et al., 2004) , however, the clinical isolates of HCoV-229E bypass the endosome for cell entry (Shirato et al., 2017) . Increasing evidence has demonstrated that coronavirus entry mechanisms are quite complex: they may enter cells via multiple pathways, or employ a specific route to enter into a specific cell line, or different virus strains or serotypes utilize different entry pathways. Thus, study on group gamma coronavirus IBV entry mechanisms is notable for understanding infection process. As mentioned previously, IBV infection on BHK cells is inhibited by NH 4 Cl treatment (Chu et al., 2006) , demonstrating that IBV entry requires low pH triggered membrane fusion. In this study, we made an effort to systematically examine every step of this process. First, we find that IBV particles initially attach to lipid rafts on plasma membrane, and enter cells via CME, which requires the help of CHC and Dynamin 1. Additionally, we demonstrate that IBV particles are transported via early and late endosome, and fuse with late endosome-lysosome membranes to release the nucleocapsid.
Lipid rafts are involved in regulation of different biological events, serve as organizing centers of signaling molecules assembly, and influence membrane fluidity and membrane protein trafficking (Pike, 2009 ). The involvement of lipid rafts in virus entry, assembly and budding has been demonstrated by either the co-localization study of the viral structural proteins and lipid rafts or the effects of lipid rafts disrupting agents on the replication processes of several viruses (Suzuki and Suzuki, 2006) . The best characterized lipid rafts-related non-enveloped viral entry is simian virus 40 (SV40) and echovirus type 1 (EV1) (Chazal and Gerlier, 2003; Pietiainen et al., 2005) . Binding of SV40 with MHC class I receptors triggers receptor clustering and redistribution, more caveolae is recruited from the cytoplasm to the site of entry, resulting in caveolae-mediated endocytosis in about 20 min (Pietiainen et al., 2005) . In some cell types, SV40 can enter the caveosomes directly from lipid rafts in non-coated vesicles (Rajendran and Simons, 2005) . Similar to SV40, EV1 attachment and binding with cells triggers clustering and relocation of α2β1-integrin receptors from lipid rafts to the caveolae-like structures (Pietiainen et al., 2005) . Depletion of cholesterol in lipid rafts inhibits EV1 infection (Chazal and Gerlier, 2003) . For envelope virus, Semliki Forest virus (SFV) and Sindbis virus (SIN) require cholesterol and sphingolipids in target membrane lipid rafts for envelope glycoprotein-mediated membrane fusion and entry (Rawat et al., 2003) . Many envelope virus receptors are located in lipid rafts or would be relocated into lipid rafts after infection, such as Human T-lymphotropic virus Type I (HTLV-1) receptor glucose transporter 1 (GLUT-1), Ebola virus and Marburg virus folate receptor-α (FRα), Hepatitis B virus complement receptor type 2 (CR2), Human herpesvirus 6 (HHV-6) receptor CD46 (Santoro et al., 1999) . An alternative receptor for Human Immunodeficiency virus (HIV-1) envelope glycoprotein on epithelial cells is glycosphingolipid galactosyl-ceramide (GalCer), which also enriches at lipid rafts (Alving et al., 2006; Campbell et al., 2001) . Membrane cholesterol is also involved in the first stages of flavivirus infection (Carro and Damonte, 2013; Zhu et al., 2012) . Guo et al. (2017) demonstrate that IBV structural proteins, but not non-structural proteins, migrate and integrate into lipid rafts after viral protein translation. The cholesterol enriched microdomains were only involved in IBV attachment, not virus replication or virus particle release. However, the involvement mechanisms of lipid rafts on IBV infection are still unclear. In our study, we checked the involvement of lipid rafts on virus life cycle via disruption of lipid rafts by using chemicals at pre-, during-, or post-infection steps, confirming that lipid rafts were involved in virus entry step. Cholesterol replenishment experiment further confirmed that lipid rafts were necessary for IBV entry. Membrane flotation assay showed the co-fractionation of IBV particles and lipid rafts during absorption step. This was further validated by immunofluoresence experiment, displaying as association of R18-IBV with lipid rafts on the cells surface. Above evidence substantiates that IBV initiates the entry step by attaching to lipid rafts.
Further experiment showed that treatment of chemical inhibitor (NH 4 Cl) of endosome acidification in various susceptible cells reduced the IBV internalization and protein expression, suggesting the low pH in endosomes is required for IBV infection. To further confirm our observations, we used inhibitor CPZ to interfere with CME in various susceptible cells, or knocked down CHC siRNA to specifically perturb CME in H1299 cells. We found that IBV internalization and protein expression were significantly decreased when CME was interfered. This evidence determines the importance of CME in IBV entry, which is widely hijacked by various envelope viruses. Moreover, the importance of dynamin 1, a GTPase that helps to snap the vesicle from plasma membrane, was determined on IBV entry. Lipid rafts is often considered to be involved in CavME. To explain these contradictory observations, Huh7, a caveolin deficient cell line (Damm et al., 2005; Vela et al., 2007) , was used in the cholesterol depletion experiment. When cholesterol was depleted by chemicals in Huh7 cells, similar inhibition effect on IBV entry was observed as those in Vero and H1299 cells. These results confirm that although IBV attachment and entry depend on the intact lipid rafts, CME is the main endocytotic pathway for internalization. In H1299 cells and DF-1 cells, Nystatin also inhibited IBV entry at a certain level, suggesting IBV may hijack CavME as an alternative entry route in these two cell lines.
Our final research question is the virus trafficking route. By using R18-labeled IBV to infect cells, we found that IBV attachment lead to actin rearrangement and the R18-IBV moved along with actin filaments after internalization. This indicates that virus internalization requires the actin de-polymerization or polymerization, to facilitate the virus containing vesicles to move along actin filaments. However, stabilization of the actin filaments by using Jas or inhibition of actin polymerization by using CytoD resulted in increase of IBV entry, which remain as open questions. By using R18-labeled virus and staining the endosomal/lysosomal vesicles with their specific protein markers, we found that after internalization, the incoming IBV particles entered into early endosomes within a few minutes; after that, virus particles were delivered into late endosomes (1 h.p.i.); finally, virus particles reached lysosome (2 h.p.i.), across the entire endocytic network. Rab5 and Rab7 GTPases are the key regulators for cargo transport to early and late endosomes. Thus, ablation of these two Rabs has been widely used to study virus entry. The importance of Rab5 and Rab7 protein on IBV entry were examined by overexpression or RNA interference technology. The results showed that perturbation of early/late endosomes transport by overexpression of Rab5/7-DN or knock down of Rab5/7, significantly reduced IBV internalization and viral protein expression. This confirms that IBV trafficking really depends on both early and late endosomes. Also, by using the R18 and DiOC double labeled virus, we revealed that the membrane fusion happens at 1-2 h.p.i., the time point of virus reaches late endosomes or lysosomes. We speculate that IBV particles were first transported to early endosomes in a Rab5-demepdent manner, and were guided to late endosomes in a Rab7 dependent manner. Also, the Rab7 dependence indicates that membrane fusion requires endosomal maturation, suggesting that low pH environment in late endosome or lysosome may provide an important signal for membrane fusion and IBV gRNA release.
A recent report showed that MHV infection also depends on CME, endosomal maturation, and late endosome-to-lysosome trafficking. The membrane fusion requires the cleavage of MHV S protein by lysosomal proteases. Introduction of furin cleavage site just upstream of the fusion peptide in MHV S protein renders MHV independent of lysosomal proteases and fuses in early endosomes. Analysis of the upstream sequence of fusion peptide of several alpha, beta, and gamma coronaviruses showed that MERS-CoV and IBV-Beaudette contain a minimal furin cleavage site Arg-X-X-Arg just upstream of the fusion peptide. Indeed, MERS-CoV infection only requires furin mediated cleavage but not lysosomal proteases, and does not require trafficking to lysosomes for efficient entry. The sequence immediately upstream of the fusion peptide in S protein might be a key determinant of the intracellular site of fusion, and the cleavage of the fusion proximal position is likely to be a general requirement for coronavirus entry (Burkard et al., 2014) . Based on this hypothesis, it predicts IBV-Beaudette is cleaved by furin and fuses in early endosomes. However, in our experiment, we show that IBV-Beaudette particles require trafficking to the low pH environment of late endosomes or lysosomes to achieve membrane fusion. Thus, in addition to furin cleavage (Yamada and Liu, 2009 ), proteases in late endosomes or lysosomes may be involved in IBV S cleavage. The timing and location study of pesudovirus bearing SARS-CoV S shows that this virus enter into late endosomes and lysosomes after 30 min.p.i., and the membrane fusion peaks at 2 h.p.i. (Mingo et al., 2015) . Study on PHEV entry also shows this procine coronavirus moves together with Rab5-or Rab7-positive endosomes before 45 min.p.i., and enter into endolysosomes widely by 1.5 h.p.i. (Li et al., 2017) . Therefore, the timing of intracellular trafficking and fusion of IBV-Beaudette is similar to those coronaviruses which passes through late endosome and lysosome.
In conclusion, we conduct a systematic study to dissect IBV entry process in susceptible cell lines. The evidence presented here indicates that IBV attaches to lipid rafts, induces actin de-polymerization, internalizes into clathrin coated vesicles via dynamin 1 snapping, transports Fig. 11 . Model of IBV internalization, trafficking, and fusion. IBV attaches to lipid rafts on the cell surface and is internalized from the plasma membrane via CME, with the help of dynamin 1 and actin de-polymerization. The virus containing clathrin coated vesicles were taken up into Rab5-containing early endosomes, transferred into late endosomes and lysosomes. The low pH environment in late endosomes-lysosomes induces virus-cell membrane fusion. MβCD, CPZ, NH 4 Cl target to indicated entry steps to block virus entry. along early/late endosome, and lysosome, finally fuses with late endosome-lysosome membrane, releases genome in to cytoplasm (Fig. 11 ). An understanding of the cellular components involved in IBV invasion into the cell, is likely to open new opportunities to develop novel therapeutic approaches. It is worth noting that the cell adaptive IBV-Beaudette strain was used for study here. Bickerton et al. reports that three amino acids surrounding the Beaudette S2 cleavage site are determinant of Vero cells and human cells tropism. Introduction of Beaudette-associated amino acids into M41 is sufficient to confer tropism for growth in Vero cells, either by facilitating the binding of virus to additional host attachment factors or by inducing membrane fusion as an additional protease cleavage site (Bickerton et al., 2018) . It is widely accepted that the protease cleavage site on S protein is a determinant of coronavirus entry and fusion, and the sequence difference of S protein in various IBV strains may determine not only the cell tropsim but also the entry route/fusion site. Thus, it is worth to note that our study may not reflect the situation with field strains of IBV in primary cells and tissues in birds.
